The role of electron correlation in the formation of double-K-shell vacancies in Li-like Be þ ; B 2þ ; C 3þ and O 5þ ions has been investigated using high-resolution zero-degree projectile spectroscopy. Using the collision velocity dependence for the cross sections of the observed doubly-K-shell vacant states, the contribution of the e-e interaction was inferred and categorized in terms of shake and dielectronic models. The relative strength of the e-e interaction was examined as a function of the atomic number of the Li-like ion.
Introduction
The excitation of a core (K-shell) electron by an incoming photon or ion can trigger a second core vacancy due to electronic rearrangement of the excited system, thereby producing a so-called ''hollow'' atom or ion, in which the innermost shell (the K-shell) is empty. The states of hollow lithium and lithium-like ions, where electron correlation effects lead to nln 0 l 0 n 00 l 00 ðn ! 2Þ states have recently been the subject of intense experimental and theoretical interest [1] [2] [3] [4] . Lithium, a four-body Coulombic system, provides an opportunity for investigating highly correlated multiply excited states when the K-shell is totally evacuated. In addition, in three-electron systems the 2s electron in the initial state allows both single-and double-K-shell vacancy production to be investigated from a single Auger emission spectrum, which is not possible for two-electron systems (except for double-K-shell excitation). Also, Li-like ions have the advantage that there are no long-lived metastable states that can complicate the interpretation of the observed spectra.
For double-K-shell vacancy production in intermediateto-high velocity atomic collisions where the collision time is small, the projectile interacts mainly with only one of the target electrons transferring it to an excited state or to the continuum to produce a K-shell vacancy. By subsequent rearrangement of the residual ion through the electronelectron interaction, the second electron may be excited or ejected. This process is referred to as TS1 (two-step with one projectile interaction [5] ). At lower projectile velocities, the projectile may interact more strongly with the target electrons to independently produce two-K-shell vacancies. This process is referred to as TS2 (two-step with two projectile interactions).
Electron correlation can be modeled in different ways depending on how the first K-shell electron is ejected. If the first electron is ejected slowly, it can interact with another electron through their mutual repulsion, such that subsequent excitation or ionization takes place and a hollow ion is produced. This model is referred to as dielectronic correlation [6] . On the other hand, if the first electron is ejected suddenly, thereby ''freezing'' the remaining electrons in their initial states, the wave function of the electrons in the residual ion must change and a second electron can be excited or ionized due to the subsequent electronic rearrangement. This mode is described in terms of shake dynamics.
In Using different Li-like ions allows for understanding of the variation of electron correlation as it reveals the role of the nuclear charge Z of the parent ion. Furthermore, the cross sections for producing the doubly-K-shell vacant states in the different Li-like ions are determined. The velocity dependence of these cross sections is used as a tool to help determine the mechanisms responsible for the hollow state formation in the Li-like isoelectronic sequence studied here, where this dependence exhibits different behaviors depending on whether the double-K-shell vacancy is produced by the TS1 or TS2 mechanism.
Single K-shell excitation
The present work has been conducted at Western Michigan University. Li-like ions were accelerated to intermediateto-high velocities before they collided with a neutral helium target. In this collision velocity range, the plane-wave Born approximation (PWBA) can be used to calculate the cross sections for the single-K-shell excitation in the Li-like ions by impact of the helium nucleus. Figure 1 shows the measured and calculated K-shell excitation cross sections for the 1s2s2p 2 Pð1s ! 2pÞ and 1s2s 2 2 Sð1s ! 2sÞ states in C 3þ ions, as functions of the collision velocity v: The calculated cross sections were evaluated using a PWBA code [7] for proton impact and scaled using Z p ¼ 2 for the helium nuclear charge. In the case of the measured values, the cross sections for 1sð2s2p 3 PÞ 2 P and 1sð2s2p 1 PÞ 2 P have been added in order to compare with theory. The measured cross sections for the 1s2s2p 2 P state vary with the predicted ðlnðvÞ=v 2 Þ dependence of the Born approximation for these allowed (dipole) transitions, while for 1s2s 2 2 S the measured cross sections vary as 1=v 2 ; also as predicted by the Born approximation for these forbidden (monople) transitions [8, 9] . The good agreement between the measured cross sections and the Born calculations show that perturbation Physica Scripta. Vol. T110, [137] [138] [139] [140] 2004 theory is valid over the velocity range of the collision systems studied here.
Moreover, it is seen from the relative values of the differential cross sections for the 1s2s2p 2 P and 1s2s 2 2 S states that dipole transitions ðÁL ¼ 1Þ are clearly dominant (by about a factor of ten) when single-K-shell excitation is produced by the n-e interaction. This result is used to help interpret the relatively large contributions of the observed hollow S states (see Fig. 2 ) since monopole transitions ðÁL ¼ 0Þ are much less likely to occur due to n-e interactions.
3. Double-K-shell vacancy production Figure 2 shows the Auger spectra for the doubly-K-shell vacant states observed in Be þ ; B 2þ ; C 3þ and O 5þ ions at the indicated collision velocities. As seen from the spectra the hollow states in Be þ ions are composed entirely of 2l2l 0 and 2l3l 0 states while no three-electron hollow states are observed. Thus, double-K-shell vacancies are caused by K-shell ionization plus K-shell excitation. For B 2þ and C 3þ ions, both two-and three-electron states (2l2l 0 ; 2l3l 0 ; and 2l2l 0 2l 00 ) contribute to the double-K-shell vacancy production, which means that hollow states are produced by Kshell ionization plus excitation and by double-K-shell excitation. It is noted that no 2l3l 0 hollow states were observed for C 3þ and O 5þ ions and that hollow state formation is much reduced in O 5þ (where only 2l2l 0 states were observed), a result which is attributed to the relative decrease of the e-e interaction strength as the atomic number of the Li-like ion increases.
To explain the significant intensities observed for the hollow S states, which are considerably less likely to result from n-e interactions (see Fig. 1 ), the absolute differential cross sections for these states were plotted as functions of the collision velocity and compared with the predictions of TS1 and TS2. The absolute differential cross sections for the 2s 2 1 S and 2s3s 3 S states in Be þ ions are shown as functions of the collision velocity in Fig. 3 . To exhibit the velocity dependence of the cross sections, the functions ðlnðvÞ=v 2 Þ and 1=v 4 are also plotted in these graphs. As clearly seen in the figures the measured cross sections of the hollow states deviate from the 1=v 4 dependence, which characterizes TS2 transitions, and tend towards a velocity dependence of the form ðlnðvÞ=v 2 Þ at the higher energies. This latter behavior of the cross sections indicates that TS1 is the responsible mechanism in the high velocity range.
For S-states both types of electron correlation models, i.e., dielectronic and shake, may be valid in describing the formation of these states. For the shake model, initial Kshell ionization of the Li-like ion by the n-e interaction can be followed by a final state rearrangement due to the sudden change of the electronic screening in the residual two-electron system after the first electron is removed. This rearrangement can result in excitation of the second electron from the 1s to the 2s shell thereby producing the hollow state 2s 2 1 S: The probability for forming 2s 2 1 S within the shake model is given by:
where the ''frozen'' denoted by subscript ''0'' 1s 0 2s 0 1 S configuration of the Li-like ion is considered to be the initial state of this transition, and the 1s 0 electron goes to 2s and the 2s 0 electron remains in the 2s orbital of the residual He-like ion. Thus, there is only one pathway for this transition, which is denoted as direct [10] . Similarly, the probability for forming 2s3s 3 S after the first electron is ejected is given by:
where the ''frozen'' initial 1s 0 2s 0 3 S state of the Li-like ion must be a triplet state due to spin conservation and the factor 3 is introduced for the statistical weight of the 3 S: For 2s3s 3 S there are two different pathways for the transition to occur [10] . The first is a direct transition, i.e., 1s 0 ! 3s; and the second is an exchange transition in which the 1s 0 electron is transferred to the 2s level and simultaneously the 2s 0 electron transfers to the 3s level. For both direct and exchange transitions the final state is the same, so the amplitudes add coherently leading to interference between the two paths, which can enhance the total probability for shake to the 2s3s 3 S state. Using Hartree-Fock calculations [11], the direct, 3 S to 2s 2 1 S was $ 2 [10, 12] . Considering the observed hollow P states, these states can be formed by TS2, i.e., two separate n-e interactions (1s ! "p and 1s ! 2p or 3p), or they can be formed by TS1, i.e., an n-e interaction followed by an e-e interaction. In the latter case, the e-e interaction must be modeled as the dielectronic type, since for the shake model the angular momentum is conserved and no P state can be formed. Within the dielectronic model the ionized "p electron, on its way out of the Li-like ion, interacts with the remaining 1s electron exciting it to the 2p or 3p level giving up its l ¼ 1 unit of angular momentum and forming the hollow state 2snp 1;3 P: In addition to the TS2 and TS1 contributions to the P states, these hollow states can be formed by the interference between these processes. To determine the mechanism responsible for producing these states, the cross sections for 2s2p 3 P; 2s2p 1 P and 2s3p 3 P in Be þ and B 2þ are shown in Fig. 4 . To exhibit the velocity dependence of 4 ; which characterize TS1 and TS2 transitions, respectively, are also plotted for comparison. As seen in the graphs, in the higher velocity range the cross sections for these hollow states appear to vary as ðlnðvÞ=v 2 Þ; while for lower velocities, these cross sections tend to have a stronger dependence. Thus, in the higher velocity range the mechanism responsible for producing these hollow states is attributed to TS1, while in the lower velocity range a larger contribution from TS2 is present, which is exhibited by the steeper dependence of these cross sections on the collision velocity. For the 2s3p 3 P state, which is only observed in Be þ and B 2þ ions, in addition to the evidence for e-e effects exhibited by the velocity dependence, the strong decrease of the magnitude of the cross section with increasing Z; demonstrates the variation in the strength of the e-e effects as the atomic number increases.
Conclusion
Single and double-K-shell vacancies produced in Be þ ; B 2þ ; C 3þ ; and O 5þ Li-like ions have been investigated using Auger projectile spectroscopy. The cross sections for double-K-shell vacancy states for the systems studied give evidence for electron-electron interaction contributions to the formation of the measured hollow states. Double-Kshell vacancy configurations attributed to e-e interactions were analyzed in terms of shake and dielectronic models. The reduction in the formation of the hollow states in the isoelectronic sequence shows the variation of the correlation strength as the atomic number of the Li-like ion changes
